Two peptide transporter (PTR) homologs have been isolated from developing seeds of faba bean (Vicia faba). VfPTR1 was shown to be a functional peptide transporter through complementation of a yeast mutant. Expression patterns of VfPTR1 and VfPTR2 as well as of the amino acid permease VfAAP1 (Miranda et al., 2001) were compared throughout seed development and germination. In developing seeds, the highest levels of VfPTR1 transcripts were reached during midcotyledon development, whereas VfAAP1 transcripts were most abundant during early cotyledon development, before the appearance of storage protein gene transcripts, and were detectable until late cotyledon development. During early germination, VfPTR1 mRNA appeared first in cotyledons and later, during seedling growth, also in axes and roots. Expression of VfPTR2 and VfAAP1 was delayed compared with VfPTR1, and was restricted to the nascent organs of the seedlings. Localization of VfPTR1 transcripts showed that this PTR is temporally and spatially regulated during cotyledon development. In germinating seeds, VfPTR1 mRNA was localized in root hairs and root epidermal cells, suggesting a role in nutrient uptake from the soil. In seedling roots, VfPTR1 was repressed by a dipeptide and by an amino acid, whereas nitrate was without influence.
Compared with single-cell organisms, higher plants have evolved a larger proportion of genes involved in energy-dependent transport (The Arabidopsis Genome Initiative, 2000) . The necessity of long distance transport in plants requires additional transport systems thus adding more complexity to our understanding on how these mechanisms function and how they are regulated. Amino acid transport is thought to be of primary importance in organic nitrogen acquisition, and might be involved in processes such as direct uptake of amino acids from the soil, phloem and xylem loading, phloem to xylem exchange, and retrieval of amino acids that "leak" from the cells (for review, see Williams and Miller, 2001) . In addition to amino acid transport, peptide transport seems to play an important role in periods of rapid protein mobilization, such as redistribution of N during leaf senescence, protein deposition during seed development, and storage protein hydrolysis during germination, when the efficiency of N transport may be increased by direct uptake of peptides (Sopanen et al., 1977; Higgins and Payne, 1978;  for review, see Stacey et al., 2002) .
During the past decade, a number of protoncoupled amino acid and peptide transporters have been cloned from different plant species. The amino acid permease (AAP) and peptide transporter (PTR) multigene families are currently the best characterized groups of plant transporters for organic N. It has been shown, for instance, that six AAPs and one PTR isoform of Arabidopsis mediate the transport of a broad range of N compounds in heterologous systems; i.e. AtAAP1 through 6 transport a wide spectrum of amino acids including neutral, acidic, and basic amino acids, and AtPTR2
(3) transports a broad range of di-and tripeptides, with little specificity toward the side chain (Frommer et al., 1994a; Fischer et al., 1995 Fischer et al., , 2002 Rentsch et al., 1995 Rentsch et al., , 1996 Song et al., 1996) . Moreover, the PTR family also comprises the NRT1 group of low-affinity nitrate transporters, which are structurally very similar to the peptide transporters. Thus, PTRs may have a dual function as peptide and NO 3 Ϫ transporters (for review, see Stacey et al., 2002) . Sequence homologies indicate the existence of many other potential AAPs and PTRs in the Arabidopsis genome whose functionality remains to be tested (The Arabidopsis Genome Initiative, 2000) . This apparent redundancy could be explained by tissue-and development-specific roles based on the observation that AAP isoforms have distinct expression patterns throughout the plant (for review, see Fischer et al., 1998; Rentsch et al., 1998) .
Despite numerous studies on the kinetics of N uptake in sink organs, such as developing seeds, seedlings, and roots, little is known about the developmental regulation of the AAP and PTR genes in these organs (see Hirner et al., 1998) . Biochemical studies revealed that during early development of pea (Pisum sativum) seeds, a nonsaturable amino acid transport system is of primary importance, and later, when approximately two-thirds of the storage proteins have been deposited, a saturable system emerges (Lanfermeijer et al., 1990) . In soybeans (Glycine max), 50% of the Gln transport into developing cotyledons was shown to be energy dependent (VerNooy et al., 1986) . During the early phases of germination of barley (Hordeum vulgare) grains, different peptide transport systems are present and, later on, amino acid transport activity appears (Higgins and Payne, 1978; Waterworth et al., 2000) . In support of these studies, the molecular characterization of AAP and PTR genes showed that some isoforms are expressed in seeds. Briefly, PsAAP1 transcripts are localized mainly in the epidermal cells of pea cotyledons (Tegeder et al., 2000) , whereas VfAAP1 mRNA is expressed throughout the storage parenchyma but not in the epidermal cell layer of developing faba bean (Vicia faba) cotyledons (Miranda et al., 2001) . During germination, an AAP is expressed in the roots of castor bean (Ricinus communis) seedlings, where it may play a role in amino acid uptake from the soil and in phloem loading (Bick et al., 1998) . Similarly, the peptide transporter AtPTR2 of Arabidopsis is expressed during embryo development, where it might play a role in nutrient supply (Rentsch et al., 1995; Song et al., 1996) . Its antisense repression in transgenic plants leads to delayed flowering and arrested seed development (Song et al., 1997) . In barley, HvPTR1 seems to be responsible for the rapid mobilization and translocation of peptides originating from the hydrolysis of endosperm storage proteins during germination (West et al., 1998) . These studies highlight an important physiological role that amino acid and peptide transporters play during seed development and germination. However, temporal and spatial regulation of AAP and PTR genes is still poorly investigated.
Protein accumulation in developing seeds relies on the availability of nitrogenous compounds that are delivered by the phloem and made available to the embryo (Thorne, 1985; Barneix et al., 1992) . In legumes, phloem unloading and postphloem transport through the seed coat occur symplasmically, whereas the embryo is isolated from maternal tissues. Thus, assimilates need to cross an apoplastic space before being taken up by the embryo, in a process that may be mediated by active transport systems (Offler and Patrick, 1993; Patrick and Offler, 1995) . Developing faba bean seeds are typical sink organs that accumulate high amounts of storage proteins as an energy reserve. The amount of protein that is accumulated is regulated at different levels, including the availability of assimilates and genetic background (for review, see Wobus et al., 1995; Weber et al., 1997b; Golombek et al., 2001) .
During germination of legume seeds, storage products are rapidly degraded and relocated to support growth of the seedling (Schlereth et al., 2000) . The lack of symplasmic connections between the axis and the cotyledons during the first phases of seed germination in vetch (Vicia sativa) led to the assumption that the embryonic axis relies on the breakdown of locally stored proteins as the only N source during the first stages of germination (Tiedemann et al., 2000) . On the other hand, in barley scutella, which is a tissue comparable with a cotyledon, peptides are actively transported already shortly after imbibition, most likely to provide the embryo with nutrients during the first stages of germination (Sopanen et al., 1977) . During this period, the levels of peptide transport activity decrease in parallel to loss of seed viability, suggesting that peptide transport takes part of a vital process during early germination and serves as an early indicator of viability in barley seeds (Waterworth et al., 2000) . To date, no reports on peptide transport in developing or germinating legume seeds have been published.
The present paper reports on the isolation of two PTR isoforms from developing seeds of faba bean, and compares their expression and regulation with VfAAP1, a preferentially cotyledon-expressed AAP, during seed development and germination. Localization of VfPTR1 transcripts showed that this PTR is temporally and spatially regulated during cotyledon development. During germination, VfPTR1 mRNA was localized in the root epidermis and hairs of seedlings, suggesting that it may take part in nutrient uptake from the soil.
RESULTS

Cloning of Two Members of the PTR Family from Faba Bean
Two DNA fragments were obtained by reverse transcriptase (RT)-PCR with PTR primers using total RNA from developing cotyledons. After sequencing, they were identified as homologs of the PTR family of peptide transporters. These clones were used as probes to screen a cDNA library prepared from developing cotyledons of faba bean (Heim et al., 1993) . Screening with one of the probes yielded 10 clones from an identical cDNA. Among these, a 2,028-bp long clone, denominated VfPTR1 (accession no. AY289622), was chosen for further experiments. Vf-PTR1 was predicted to be a full-length cDNA encod-ing a protein composed of 584 amino acid residues, sharing high similarity with AtPTR2 (73.8% identity) and with the putative peptide transporters of almond (Prunus dulcis; 80.3% identity; accession no. AAF20002) and tomato (Lycopersicon esculentum; 79.8% identity; accession no. AAD01600). In silico analyses according to Kyte and Doolittle (1982) and Krogh et al. (2001) suggested that the predicted VfPTR1 protein is highly hydrophobic and contains 12 transmembrane domains, which superimpose those of AtPTR2 (data not shown). A signal peptide was predicted (Nielsen et al., 1997) with the most likely cleavage site between positions 10 and 11 (SSR-LE) of the deduced VfPTR1 amino acid sequence. Attempts to clone the full-length cDNA corresponding to the second PTR isoform failed. Thus, the original RT-PCR fragment, called Vf-PTR2 (accession no. AY289623), was used for further analyses. VfPTR2 comprised an incomplete open reading frame encoding 316 amino acid residues, which showed highest similarity to a putative peptide/ nitrate transporter of soybean GmNRT1.3 (56.3% identity; Yokoyama et al., 2001) . Because the PTR gene family comprises the NRT1 subgroup of NO 3 Ϫ transporters, a phylogeny tree was constructed to compare the sequence distances of VfPTR1 and Vf-PTR2 in relation to other plant PTR/NRT1 isoforms, as well as to the peptide transporters of animals, yeast, and bacteria. A dendogram shows that VfPTR1 clusters together with AtPTR2 and the putative PTRs of almond, tomato, and Nepenthes alata (Schulze et al., 1999) . VfPTR2 clusters closer to the dicotyledonous NRT1 transporters. Moreover, the plant transporters cluster apart from the peptide transporters of other organisms, whereas the plant NRT1 isoforms could not be clearly separated from the peptide transporters (Fig. 1 ).
VfPTR1 Restores Growth of a Yeast Mutant Deficient in Peptide Transport
To confirm that VfPTR1 is a peptide transporter, its complete cDNA was inserted into the pDR195 vector and was expressed in the LR2 yeast mutant, which is His auxotroph and carries a mutation in the PTR2 gene and thus is unable to grow on media containing histidyl peptides as the only source of His (Rentsch et al., 1995) . LR2 cells transformed with VfPTR1 exhibited efficient growth on medium containing 10 mm His-Ala, similar to cells carrying the AtPTR2 cDNA from Arabidopsis, whereas LR2 cells transformed with an amino acid permease (AtAAP2) or with an "empty" pDR195 vector, were not able to grow under similar conditions ( Fig. 2A) . LR2 cells grew efficiently on a nonselective medium containing 20 mm His, regardless of the construct they were carrying (Fig. 2B ).
VfPTR1, VfPTR2, and VfAAP1 Differ in Steady-State mRNA Levels in Developing and Germinating Seeds
Northern hybridizations were performed to compare the mRNA profiles of VfPTR1, VfPTR2, and the amino acid permease VfAAP1 (Miranda et al., 2001) . Among several tissues analyzed, VfPTR1 transcripts accumulated to highest levels in seedlings at 6 d after imbibition (dai; Fig. 3A ). There was a strong accumulation of VfPTR1 transcripts in roots and in developing cotyledons as well. During cotyledon development, VfPTR1 mRNA signals were weak at 13 and 17 dap, accumulated to higher levels from 20 until 35 dap, and were weaker again at 42 and 48 dap. Sink leaves and hulls showed weak bands, and no signals were found in seed coats or stems (Fig. 3A) . No signals were detected in source leaves (data not shown). The VfPTR1 mRNA steady-state levels suggest a role for this PTR in sink tissues, especially in developing cotyledons, roots, and seedlings. In contrast, when VfAAP1 was hybridized to the same blot, transcripts accumulated to high levels in the early stages of cotyledon development (13 until 20 dap), and remained at slightly lower levels later on, until the late storage phase (48 dap). A rather strong signal was also found in seedlings (Fig. 3B) . The described developmental profile of VfAAP1 is in agreement with that reported previously, and suggests a role of this permease in sink tissues, primarily during early cotyledon development (Miranda et al., 2001) . When compared with VfAAP1, VfPTR1 transcripts accumulated more transiently throughout cotyledon development (Fig. 3) . No signals were seen when the blots were hybridized with a VfPTR2 probe. VfPTR2 transcripts could be detected by RT-PCR with VfPTR2-specific primers on total RNA from developing cotyledons at 22 and 26 dap and from roots, but not from seed coats or stems. Cloning and sequencing of the PCR products confirmed that they corresponded to VfPTR2 (data not shown).
To examine the expression of VfPTR1, VfPTR2, and VfAAP1 genes during germination in more detail, northern hybridizations were performed with dissected parts of seedlings germinated on humid filter papers. RNA was extracted at three time points, which were chosen based on the exterior morphological changes: at 4 dai, before the root had ruptured the seed coat; at 6 dai, when the root was approximately 0.5 to 1.0 cm long; and at 8 dai, when roots had reached 2 to 3 cm and the first leaflets had emerged from the seed. Northern hybridizations revealed that in cotyledons, labeling with the VfPTR1 probe appeared at 4 dai, and increased steadily until 8 dai (Fig. 4A) . In seedlings at 2 dai, VfPTR1 transcripts could not be detected (data not shown). In the axis, VfPTR1 mRNA levels were high at 6 dai, and further increased at 8 dai. In 8-dai seedlings, labeling with the VfPTR1 probe was also strong in the upper portion of the roots (approximately 2.5 cm), but was weak in root tips (approximately 0.5 cm) and leaflets (Fig. 4A) . When VfPTR2 was used as a probe to hybridize the same blot, signals were strongest in the leaflets, moderate in the tips and upper portions of the roots, and weak in the axis of 8-dai seedlings. VfPTR2 signals in 4-and 6-dai seedlings were negligible (Fig. 4B) . In addition to the bands of expected size (approximately 1.8 Kb), the VfPTR2 probe revealed two additional larger bands (Fig. 4B) . The origin of these bands is unclear, but they may indicate accumulation of unspliced or alternatively spliced RNA. When hybridizations were performed with a VfAAP1 probe, mRNA levels were high in leaflets and in the upper portions of the roots, moderate in the axis, and faint in the cotyledons and root tips of 8-dai seedlings. Labeling was not seen in 4-dai seedlings, and was faint at 6 dai (Fig. 4C) . Equal loading between samples was confirmed by running an ethidium bromide-stained gel (data not shown). Taken together, the mRNA steady-state levels of Vf-PTR1 during seedling germination and development suggest that this PTR might have a primary role at the sites of intense proteolysis, whereas VfPTR2 and VfAAP1 would play a more prominent role in the young seedling tissues.
VfPTR1 mRNA Is Localized in Different Tissues during Seed Development and Germination
In situ hybridizations using radiolabeled probes were performed to determine the distribution of Vf-PTR1 transcripts within seed sections at different developing stages as defined by Borisjuk et al. (1995) . During early cotyledon development, i.e. before the onset of storage protein deposition (stage IV-V), labeling by the VfPTR1 probe was found in epidermal cells of the cotyledons (Fig. 5B ) and in the surrounding endosperm that retains label at all stages analyzed (Figs. 5B, f and h) . At stage VI, cells within the abaxial epidermal region, differentiated into transfer cells (Weber et al., 1998) , became more strongly labeled by the VfPTR1 probe than those at the adaxial epidermis (Figs. 5, C and D) . Later in development, intensive labeling was also detected in cells surrounding the vascular vessels (Fig. 5E ). During the main storage phase, labeling appeared in parenchyma cells underlying the transfer cell layer and in the adaxial parenchyma (Fig. 5G) . Toward seed maturation (late stage VII), the cortex cells of the radicle were strongly labeled, but not the epidermal cells of this organ (Fig. 5H ). Hybridization with a VfAAP1 probe revealed an even labeling of the cotyledon storage parenchyma cells at stage VI, whereas the cells in the outer epidermal region were not labeled (Miranda et al., 2001 ). For comparison, slides were also hybridized with the faba bean Suc transporter VfSUT1 cDNA (Weber et al., 1997a) . Labeling with VfSUT1 was restricted to the transfer cells of the outer epidermal region (data not shown) in accordance with previous reports showing that the Suc and hexose transporters of faba bean are expressed in the transfer cells of the cotyledons (Weber et al., 1997a) .
To examine the distribution of VfPTR1 transcripts in seedlings, in situ hybridizations were performed on sections of seedlings at the time when the roots were approximately 2.5 cm long and the first leaflets were not yet visible. VfPTR1 signals were associated with vascular bundles (Fig. 5I) , and were also found in the parenchyma tissues. As shown in Figure 5J , strong labeling gradient is present toward the hypocotyl. A specific labeling pattern was observed in the epidermis across the seedling: the epidermal layer of axis and hypocotyl remained unlabeled, whereas strong labeling was found in the epidermis of roots (Fig. 5J) . In cross-sections of roots, VfPTR1 transcripts were localized within epidermal cells and root hairs (Fig. 5K ).
VfPTR1 mRNA Accumulation Levels in Roots Are Dependent on the N Source
To test whether VfPTR1 mRNA steady-state levels in roots differ due to different sources of N supply, northern hybridizations were performed with RNA extracted from roots (excluding the first approximately 0.5 cm from the root tip) of 8-dai seedlings cultured in media containing sorbitol (as osmotic control), Leu-Leu, Gln, or NO 3
Ϫ . VfPTR1 signals were significantly lower in roots of seedlings cul- and VfAAP1 in seedlings of faba bean harvested at different time points. Ten micrograms of total RNA extracted from different parts of the seedlings and at different time points was loaded per lane; i.e. before roots had ruptured the seed coats (4 dai), when roots were between 0.5 and 1.0 cm long (6 dai), and when roots were approximately 4.0 cm long (8 dai). Northern blots were hybridized with 32 P-labeled cDNA probes of VfPTR1 (a), VfPTR2 (b), and VfAAP1 (c). An approximate size scale (kilobytes) is indicated. Equal loading between samples was confirmed by running an ethidium bromidestained gel (data not shown). tured in 1 mm Leu-Leu or 1 mm Gln compared with control seedlings cultured with 1 mm sorbitol. In seedlings cultured with 1 mm KNO 3 , VfPTR1 mRNA accumulated to similar levels as in the control roots (Fig. 6A) . Slight increases on the VfPTR1 mRNA levels in roots were observed when seeds were cultured in media containing 50 mm Leu-Leu, Gln, or KNO 3 compared with control experiments, but the differences were not statistically significant (Fig. 6B) . The reasons for the apparently contradictory effects of high and lower concentrations of N sources on Vf-PTR1 regulation are not yet known, but may be related to the substrate affinity of this transporter.
DISCUSSION
VfPTR1 and VfPTR2, Two New Members of the PTR
Family of Transporters
According to sequence analyses, VfPTR1 and Vf-PTR2 of faba bean are members of the PTR family of genes that include peptide and NO 3 Ϫ transporters (Fig. 1) . To test whether VfPTR1 mediates peptide transport, functional tests were carried out with a yeast mutant that does not grow on media containing peptides as the only source of N or His in the form of a histidyl-peptide (Rentsch et al., 1995) . Experiments showed that VfPTR1 restores growth of the yeast strain LR2 upon supplementation of His-Ala to the medium, implying that VfPTR1 mediates uptake of this dipeptide and complements the mutation in the PTR2 gene (Fig. 2) . LR2 and a similar yeast mutant were used to characterize the substrates transported by the Arabidopsis AtPTR2 protein. AtPTR2 takes up a wide range of di-and tripeptides, with little selectivity toward their side chain (Rentsch et al., 1995; Song et al., 1996) . Biochemical studies revealed that several small peptides are taken up in faba bean mesophyll cells (Jamai et al., 1996) .
Phylogeny analyses show that PTRs of higher plants cluster apart from those of other organisms. However, the plant peptide and low-affinity nitrate transporters cannot be separated on basis of their sequences (Fig. 1) . Despite of their high structural similarity, attempts to show that a PTR has a dual function as peptide and NO 3 Ϫ transporter have failed. For instance, in heterologous systems, AtPTR2 transports peptides but not NO 3 Ϫ (Song et al., 1996) , whereas the oilseed rape (Brassica napus) and rice (Oryza sativa) NRT1 isoforms mediate transport of NO 3 Ϫ but not of dipeptides (Zhou et al., 1998; Lin et al., 2000) . Similarly, Jamai et al. (1996) have shown that NO 3 Ϫ does not compete against different peptide uptake systems present in the leaves of faba bean. Nevertheless, the PTRs of Arabidopsis and oilseed rape also have a low affinity for basic amino acids (Frommer et al., 1994a; Zhou et al., 1998) . Vf-PTR1 is the third plant PTR shown to mediate peptide uptake, but the substrate range recognized by this transporter remains to be investigated.
In Developing Cotyledons, VfPTR1 May Function Initially in Peptide Import from the Surrounding Endospermal Apoplast and, Later, in the Transport within the Embryo
VfPTR1 was mainly expressed in cotyledons of germinating seedlings, but also to a high extent in developing cotyledons and roots. The highest accumulation of VfPTR1 transcripts during cotyledon development is delayed in comparison with the expression of VfAAP1, and occurs after the seeds have entered the storage phase, whereas the VfAAP1 expression peak precedes the storage phase ( Fig. 3 ; Miranda et al., 2001 ). Activity of peptide transporters seems to be related to moments of intensive proteolysis, such as wounding, senescence, and degradation of storage proteins, when the transport of peptides is thought to be of great importance for the rapid export of organic nitrogen (Higgins and Payne, 1978; for review, see Frommer et al., 1994b) . It is possible that the substrates for VfPTR1 originate mainly from the remobilization of reserves during leaf senescence, which occurs parallel to seed maturation.
In situ hybridizations revealed that VfPTR1 expression is spatially controlled during seed development. During stages V and VI, VfPTR1 mRNA is found mainly in the epidermis. Epidermal transfer cells play a key role in the active uptake of assimilates by the cotyledons (Gunning and Pate, 1974; Offler et al., 1989; Weber et al., 1998) and are the main site of expression of several transporters, such as the Suc, hexose, and amino acid transporters of faba bean and pea (Weber et al., 1997a; Tegeder et al., 1999; Tegeder et al., 2000) . Later in seed development, VfPTR1 transcripts appear in cells surrounding the vascular bundles, i.e. possibly in the companion cells, of stage VI Figure 5 . (Legend continued from facing page) surrounding transport vessels of a stage VI cotyledon; f, strong labeling of endosperm surrounding the axis during stage VI; g, cotyledons with labeled storage parenchyma cells and transfer cells of the outer epidermal region; h, radicle of a stage VII embryo strongly labeled within the cortex cells, but not the epidermis cells (seen as an unlabeled layer between the cortex and the endosperm). i through k, Distribution of VfPTR1 transcripts in sections of faba bean seedlings; i, section of a root showing the labeled vascular bundles; j, longitudinal section through the seedling, showing strong label in the hypocotyl and in the epidermis of the root, but not in the epidermis of the hypocotyl; k, cross-section through the root of a seedling showing labeling within the epidermis and the root hairs; ab, Abaxial region; ad, adaxial region; ax, axis; co, cotyledons; e, endosperm; ep, epidermis; ep(h), epidermis of hypocotyl; ep(r), epidermis of root; hy, hypocotyl; rc, radicle cortex; rh, root hair; v, vascular bundle. Bars in b, c, d, e, f, i, and k ϭ 0.1 mm; g and j ϭ 1 mm; h ϭ 0.5 mm. Arrows point to the labeling and arrowheads point to unlabeled areas.
cotyledons, and in the storage parenchyma cells of stage VII cotyledons. Taken together, these observations suggest a switch in the function of VfPTR1 during development from the import of peptides from the surrounding endospermal apoplast toward the transport within the embryo. This pattern is clearly different from that described for the Suc transporter of faba bean, whose transcripts are confined to the abaxial epidermal cells throughout cotyledon development (Weber et al., 1997a) . However, it resembles the expression pattern of a functionally ill-defined Suc-binding protein homolog (VfSBPL). VfSBPL mRNA is also confined to epidermal transfer cells early in development, whereas at later stages, its mRNA distribution patterns were more similar to those of storage proteins (Heim et al., 2001) .
It is not clear whether and to which extent the long-distance transport of peptides and uptake by the seeds contributes to the level of storage protein accumulation in the embryos. The PTR gene of Arabidopsis is ubiquitously expressed and its antisense repression driven by a constitutive promoter led to plants with less and bigger seeds (Song et al., 1997) . In legumes, a large proportion of the N used to build up the storage proteins originates from the remobilization of proteins stored transiently in maternal tissues (e.g. Wittenbach, 1982; Staswick et al., 1994) , when peptide transporters are thought to play an important role. Moreover, studies with soybean embryos showed that N concentration in cotyledons increases in a direct proportion to the N concentration in the media (Hayati et al., 1996) . Localization of VfPTR1 transcripts unveils a complex temporospatial regulation expression profile of this gene, pointing to an important role of this transporter during seed development of faba bean.
In Seedlings, VfPTR1 Is Primarily Expressed at the Site of Proteolysis, whereas VfPTR2 and VfAAP1 Are Expressed in Developing Organs VfPTR1, VfPTR2, and VfAAP1 are developmentally regulated during seed germination and early seedling growth. VfPTR1 transcripts appear first in cotyledons when the seeds show no visible signs of germination. Shortly after the root penetrates the seed coat (6 dai), VfPTR1 transcripts accumulate in the embryo axis as well. Later on, when the roots reach approximately 3.0 cm and the first leaflets are visible (8 dai), VfPTR1 is highly expressed in cotyledons, axes, and upper portions of the roots, but is low in leaflets and root tips (Fig. 4A) . These data suggest that VfPTR1 plays a primary role in transporting peptides originated from proteolysis, and seems to be analogous to HvPTR1 in the germinating barley caryopsis (West et al., 1998) . VfPTR2 is induced later as compared with VfPTR1, mainly in the leaflets of developing seedlings, but also in roots and axes, where it may be involved in phloem loading (Fig.  4B) . The appearance of multiple bands in blots hybridized with VfPTR2 suggests the accumulation of unspliced RNA for reasons that remain unclear. A similar event has been described for a plant metal transporter, where altered substrate specificity originates from differentially spliced transcripts (Persans et al., 2001 ). Alternative splicing is common among (Murashige and Skoog, 1962) , depleted of KNO 3 and NH 4 NO 3 , and supplemented with 1 mM (a) or 50 mM (b) of sorbitol (Sorb; as control), Leu-Leu, Gln, or KNO 3 . Northern blots were hybridized with 32 P-labeled VfPTR1 probes, and signals were quantified by a phosphorimager. Loading was normalized by hybridization with an ubiquitin probe. Each bar represents the mean of three replications Ϯ SE. An asterisk denotes statistically significant results (P Ͻ 0.05).
human transporter genes, where it was hypothesized that although many of these isoforms may not be functional, they could be important in the functional regulation of the transporter (for review, see Gamba, 2001 ). Induction of VfAAP1 in growing seedling organs, mainly in axes, roots, and leaflets, suggest that this permease may function on uptake of amino acids from the soil and phloem loading, similar to the role proposed for the AAP1 of castor bean (Bick et al., 1998) . The present observations are in accordance with reports showing that in germinating barley scutella, the development of peptide transport activity starts before germination and precedes that of amino acid transport, which is initiated later after germination (West et al., 1998; Waterworth et al., 2000) .
In grains and legume seeds, significant storage protein mobilization happens after germination takes place. However, before the first signs of germination, there is already an increase in the amount of soluble amino compounds in cotyledons and axes, implying that proteolysis already takes place at this time point (Schlereth et al., 2000) . In vetch, symplasmic connections between the embryo axis and cotyledons are absent during early germination and are established only after the switch into the seedling growth phase (Tiedemann et al., 2000) . Thus, the induction of Vf-PTR1 transcription before germination (Fig. 4) may be important to transport protein degradation products into the storage parenchyma and possibly into the axis and epicotyl, when these tissues are still symplasmically isolated. Localization of VfPTR1 transcripts in leaflets and vascular bundles of developing seedlings (Fig. 5) suggests that this transporter also plays a role in phloem loading to provide N to the growing tissues.
Expression in Root Hairs Suggests That VfPTR1 May Function in Nutrient Uptake from the Soil
VfPTR1 is expressed in the roots of adult plants and seedlings, and in seedlings, its transcripts are localized in the root epidermis and root hairs. Similarly, a proton-coupled amino acid uptake system has been described in castor bean roots, and location of RcAAP1 transcripts in root hairs suggest that this transporter may be responsible for the uptake of amino acids from the soil (Weston et al., 1994; Bick et al., 1998) . A potential role for peptide transporters on the direct uptake of small peptides from the soil has been recently hypothesized (Nishizawa and Mori, 2001; Waterworth et al., 2001) . Moreover, Steiner et al. (1994) demonstrated that root growth inhibition by toxic peptides is reversed by competition with nontoxic ones, which indicates that dipeptides are taken up directly by the roots of Arabidopsis seedlings growing in vitro. There is increasing biochemical evidence indicating that some plants preferentially acquire organic N, such as amino acids or peptides, directly from the soil (Yamagata et al., 2001 and refs. therein) .
VfPTR1 transcript levels in roots of seedlings growing in vitro decrease slightly when Leu-Leu or Gln is present at low concentrations in the medium, but nitrate is without influence (Fig. 6) . The mode of regulation of VfPTR1 seems to differ from that of HvPTR1, where the presence of amino acids does not result in significant changes in the transcript levels (Waterworth et al., 2000) . On the other hand, transcriptional down-regulation of VfAAP1 by different amino acids has been previously reported (Miranda et al., 2001) . Identifying the mechanisms regulating plant amino acid and peptide transporters is essential for better understanding N uptake and relocation throughout the plant in response to N availability in the soil.
MATERIALS AND METHODS
Plant Material
Plants from faba bean (Vica faba var minor cv Fribo) were grown in pots placed in chambers supplied with artificial light (16-h light/8-h dark regime) at 20°C to 25°C. All plant material originated from the IPK GenBank (Gatersleben, Germany). Samples were collected 4 h after the beginning of the light period, and developing seeds were sorted on basis of the number of dap. For temporal analyses of germination and seedling development, dry seeds were imbibed with H 2 O for 1 h and were incubated on petri dishes with moist filter papers in the dark, and probes were harvested at different time points. Germination was marked by the time when the radicle of more than 50% of the seeds had ruptured the seed coat (Bewley and Black, 1994) . To analyze the effect of different N sources, seeds were germinated on liquid medium with half-concentrated Murashige and Skoog medium (Murashige and Skoog, 1962) , depleted of KNO 3 and NH 4 NO 3 , and supplemented with 1 or 50 mm of sorbitol, Leu-Leu, Gln, or KNO 3 . Seeds were incubated at room temperature in the dark with gentle shaking.
Molecular Cloning and cDNA Library Screening
RT-PCR was performed with an Oligo(dT) 23 primer (Sigma-Aldrich Chemie, Steinheim, Germany) and total RNA was extracted from developing cotyledons as template. RT reactions were preceded by a "hot start" (5 min at 70°C) and were carried out at 42°C for 1 h. A 3-L aliquot was used as template for a standard PCR with degenerated primers (forward: 5Ј-TTYGGWGCYGAYCARTTTG-3Ј and 5Ј-CYMTGYACDGTKACD-CARGTNG; reverse: 5Ј-CTGGAGATTGRTCRTAGAARAAC-3Ј) that were designed on conserved regions among plant peptide transporters. The fragment obtained was cloned into pUC18 and sequenced. To isolate the fulllength cDNA, a positively identified clone was labeled with [␣- 32 P]dCTP (Random Primer Labeling kit; Amersham Pharmacia Biotech, Buckinghamshire, UK), and was used as probe for screening a cDNA library prepared from developing cotyledons of faba bean (Heim et al., 1993) . Library screening was performed as described in Buchner et al. (1996) at a temperature of 60°C for hybridization and washing.
Functional Complementation of a Yeast Mutant
For functional characterization, the complete VfPTR1 cDNA was cloned into pDR195 for transformation of the yeast mutant LR2 (MAT␣, hip1-614, his4-401, can1, ino1, ura3-52, and PTR2⌬::hisG; Rentsch et al., 1995) . Tests for complementation of this mutant by VfPTR1 were performed by streaking the transformed cells on synthetic complete (SC) medium supplemented with 10 mm His-Ala. For nonselective growth, cells were plated on SC medium supplemented with 20 mm His. The positive control consisted of cells carrying the peptide transporter AtPTR2 cDNA of Arabidopsis (Rent-
